The Jones-Ray effect is an anomalous minimum in the surface tension of aqueous electrolytes at millimolar salt concentrations. We experimentally demonstrated that intentionally added ionic surfactants induce the Jones-Ray effect. The one-dimensional Poisson-Boltzmann theory, including the effect of surfactant adsorption and salt depletion, excellently agrees with the obtained experimental data. All the parameters of the ion-specific surface affinities used in the theory are consistent with previous experiments. These results strongly suggest that the Jones-Ray effect observed so far has been induced by the inevitable contamination of the air-water interfaces.
One of the central issues in the physical chemistry of interfaces is the surface charge of the air-water interface [1, 2] . The surface tension of air-electrolyte interfaces is helpful to understand the surface affinity of ions [3] [4] [5] . Most inorganic electrolytes increase the surface tension, reflecting that the ions are surface-inactive [4] . However, the surface tension of the electrolytes shows a characteristic minimum at millimolar electrolyte concentration values when the concentration is varied, known as the Jones-Ray effect [6, 7] . The Jones-Ray effect has been controversial, but it has been experimentally reproduced by different methods and by different research groups [8] [9] [10] [11] [12] [13] [14] [15] . The Jones-Ray effect was first explained by anion adsorption [16] , which was supported by surface-sensitive nonlinear spectroscopy [17] . However, although large halides, such as iodide, are absorbed into the air-water interface, the Jones-Ray effect is independent of the type of the anion present. In fact, NaCl causes the Jones-Ray effect even though the chloride ion is known to be surface-inactive [7] . Additionally, Langmuir has explained the Jones-Ray effect by the reduction of the capillary radius because of the wetting films in the capillary rise method [18] . However, this mechanism does not work for the du Noüy ring [8] , maximum bubble pressure [9, 10] , and Wilhelmy plate methods [11] [12] [13] , which were also used to observe the JonesRay effect. Another explanation for the Jones-Ray effect is OH − adsorption [19, 20] . This scenario is supported by the negative zeta potential of bubbles in water [21] and the repulsive disjoining pressure of wetting films on silica [1] . However, this scenario contradicts with the surface tension of NaOH solutions because the surface tension of NaOH solutions is larger than that of NaCl solutions, meaning Email address: uematsu@chem.kyushu-univ.jp (Yuki Uematsu) that OH − is more surface-inactive than Cl − [2, 3, 22] . Although other explanations were suggested [23, 24] , the experimental fact that the concentration and depth of the minima depend on independent measurements [6] [7] [8] [9] [10] [11] [12] [13] implies uncontrolled hidden parameters in the experiments. Recently, one of the authors constructed the theory of the surface tension of electrolytes, and the Jones-Ray effect is explained by the traces of charged impurities in the water [22, 25] . In this scenario, assuming that the charged impurities have an affinity similar to typical ionic surfactants, namely sodium dodecylsulfate, the sufficient concentration of the impurities is a few nanomolar, which cannot be detected by conductivity measurements. This implies that the minima observed by Jones and Ray were caused by inevitable and unexpected contamination of the solutions.
Jones and Ray, using the capillary rise method, measured the surface tension of the solutions with an accuracy of approximately ±0.001 mN/m. However, this accuracy level requires a special apparatus, and such a tremendous precision has been difficult to achieve so far. According to the impurity scenario [22] , intentionally added ionic surfactants make the surface tension minimum deeper and the concentration of the minimum larger. Although the surface tension of electrolytes in the presence of ionic surfactants has been studied to date, these studies have not focused on the Jones-Ray effect [26] [27] [28] . Fixing ionic surfactants at millimolar concentrations, the surface tension is a decreasing function of the salt concentration [26] [27] [28] . Because the surface tension of inorganic salt solutions without ionic surfactants is normally an increasing function of the salt concentration, there must be a crossover from an increasing function to a decreasing function. At the crossover, anomalous behavior such as minima and maxima could be observed [26] . Therefore, in this letter, the surface tensions of salt solutions in the presence of ionic surfactants at micromolar concentrations are measured by the drop-volume method, which is easy to handle with an accuracy of approximately ±0.05 mN/m. In this communication, combining experiment and theory, we demonstrate that intentionally added ionic surfactants at micromolar concentrations induce a minimum in the surface tension at approximately 10 mM(= 10 mmol/dm 3 ). These results strongly support the previous theory claiming that the Jones-Ray effect is caused by the contamination of the solutions with charged impurities. Figure 1 shows the excess surface tension of the NaCl solutions in the absence and presence of dodecyltrimethylammonium bromide (DTAB), a cationic surfactant. The green points are the data of the NaCl solution without DTAB. Although a small negative surface tension ∆γ = −0.04 ± 0.06 mN/m is observed at c b NaCl = 1 mM, we think that this is an experimental error and not the Jones-Ray effect because the minimum observed by Jones and Ray at 1 mM is approximately ∆γ ≈ −0.01 mN/m [6, 7] . The blue, yellow, and red points denote the surface tension data as a function of the NaCl concentration c By using the mean-field theory for the surface tension of the air-electrolyte interface [22] , we quantitatively explain the experimental data. This theory is based on the Poisson-Boltzmann equation with the ion-specific adsorption potentials such as
where ε is the dielectric constant, ε 0 is the vacuum permittivity, ψ is the local electrostatic potential, z is the coordinate normal to the surface, e is the elementary charge, q i is the valency of the i type ion, c b i is the bulk concentration of the i type ion, k B T is the thermal energy, α i is the adsorption energy of the i type ion, θ(z) is the Heaviside step function, and z * is the thickness of the interfacial adsorption potentials. This adsorption energy α i is positive for most inorganic ions and negative for ionic surfactants [22] . Here we consider four types of ions: Na 
where
dz is the surface excess of the type i ion, and µ i is the chemical potential of the type i ion. In the same way as Ref. 22 , we use the ideal-gas approximation,
, and z * = 0.5 nm. For Na + and Cl − , we use α Na = 1.2 and α Cl = 1.0, respectively, which are extracted from the potentials of mean force calculated by molecular dynamics simulations [30] . The green line in Figure 1 is the surface tension of the NaCl solution as a function of c b NaCl (= c b Na = c b Cl ) with α Na = 1.2 and α Cl = 1.0, in agreement with the experimental data (green points). To determine the affinity of Br − , we fit α Br by using the surface tension data of NaBr [3, 5] . When we use α Br = 0.4 with fixing α Na = 1.2, a good agreement is obtained, as shown in Figure 2a .
Next, we fit the theory with the obtained experimental data by adjusting the surface affinity of DTA + , α DTA . We optimized α DTA by the least-squares method with each data set, where the normalized errors are plotted in the inset of surface tension data of the DTAB solution [29] . In Figure 2b , the solid line is the calculation with α DTA = −11.1 and α Br = 0.4, which is in fair agreement with the first two experimental data values. The broken line is the calculation with α DTA = −11.7, which agrees with one point more than the solid line. Such a small difference between α DTA = −11.1 and −11.7 is reasonable because the theory uses the ideal-gas approximation. For more precise analysis, we need to include the attractive interactions between surfactants expressed by the Frumkin adsorption isotherm or others [28] . From the theoretical analysis, the surface excess of DTA + and the surface potential ψ 0 = ψ| z=0 can be obtained as shown in Figure 3 . As shown in Figure 3a 2), this is the reason why the minimum appears in the surface tension. As shown in Figure 3b , the surface potential ψ 0 is positive and approximately 100 mV for low c b NaCl . The sign of the surface potential is determined by the sign of the ionic surfactants. This large potential is suppressed by the salt, and for large c b NaCl , a small negative potential appears (the inset of Figure 3b) because the depletion of Na + is slightly stronger than the depletion of Cl − (α Na < α Cl ). Note that these positive surface potentials are observed in the surface po- tential measurements of surfactant solutions [27] and the zeta potential measurements of air bubbles in cationic surfactant solutions [21] . In summary, we measure the surface tension of the NaCl solutions in the absence and presence of DTAB at micromolar concentrations. Without DTAB, the surface tension curves, as a function of the NaCl concentration, do not show an apparent minimum. This does not conflict with the Jones-Ray effect because the precision of the measurements is not sufficient to detect a small minimum, approximately ∆γ ≈ −0.01 mN/m. In the presence of DTAB at micromolar concentrations, we obtained a minimum large enough to be observed by the drop-volume method. This minimum can be quantitatively explained by the Poisson-Boltzmann theory with the ion-specific adsorption potentials. We fitted only the adsorption energy of DTA + and obtained excellent agreement between experiment and theory. The resultant adsorption energy of DTA + also quantitatively agrees with the surface tension data of the DTAB solutions at very low concentrations, showing that all the parameters in the theory are consistent. The mechanism of the surface tension minimum is the adsorption of the ionic surfactants because of the screening of the electrostatic repulsion between ionic surfactants at the surface. These results strongly support that the Jones-Ray effect is caused by traces of charged impurities in water [22] . Contamination of the air-water interface plays an important role also in other interfacial anomalies, such as the disjoining pressure of wetting films [1] , zeta potential of hydrophobic surfaces [21] , and hydrodynamic boundary conditions of air-water interfaces [31] . We hope that this communication will stimulate further physico-chemical research in these fields.
Experimental methods.-NaCl was of high grade, 99.99 % (Merck Millipore), and was used without further purification. DTAB was of grade 99%(Wako Pure Chemical Industries, Japan) and was purified by recrystallizing it five times from an acetone/ethanol mixture (volume ratio 5/1). Water was Elix pure water (conductivity > 5.0 MΩcm) produced by Elix Advantage 5 (Merck Millipore). The temperature was set at 25.0 ℃. The solutions at various concentrations were prepared by dilution.
The surface tension was measured by the drop-volume method (DSV2000, Yamashita Giken, Japan). The dropvolume method is a technique to measure the surface tension of gas-liquid or liquid-liquid interfaces. Measuring the volume of a drop, which just falls from the horizontal tip of the apparatus because of the gravity, gives the surface tension as shown in Figure 4a . The surface tension γ is given by [32] 
where S is the cross section of the syringe, ∆x is the moving distance of the plunger, ∆ρ = ρ sol − ρ air is the density difference between solution and air, g is the acceleration of the gravity, R is the outer radius of the tip, and Φ(y) is an . The red points [32] and the blue points [34] are the experimental data, whereas the solid line is eq. (4) [33] .
empirical function of y = R/(S∆x) 1/3 (see Figure 4b ). We used an approximated polynomial function for Φ(y) [33] 1 2πΦ(y) = 0.14782 + 0.27896y − 0.166y
which is the solid line in Figure 4b that is in agreement with the experimental data (blue and red points) [32, 34] for 0.05 y 1.2. We used the standard gravity g = 9.80665 m/s 2 , the cross section S = 12.566 mm 2 , the normal air density at 25 ℃ and 1 atm ρ air = 0.001184 g/mL, and a practical formula for the NaCl solution density [7] , NaCl is the molar concentration in unit M and ρ sol is in unit g/mL. We used eq. (5) for solutions containing even a small amount of DTAB. The outer radius of the tip R is determined as R = 1.1515 mm from the surface tension measurement of pure water by setting γ = 71.96 mN/m [5] in eq. (3). In the experiment, we waited for 2 min after forming a droplet likely to fall at the tip, and then, the plunger was pushed at 2 µm/sec until the droplet fell. We measured the moving distance of the plunger ∆x at least 12 times for each data point. Because we obtained ∆x ≈ 3 mm and R ≈ 1 mm for all measurements, the resultant y is y = R/(S∆x) 1/3 ≈ 0.3, which is applicable to eq. (4).
